Nature of Compton-thick Active Galactic Nuclei in "Non-merging''
  Luminous Infrared Galaxies UGC 2608 and NGC 5135 Revealed with Broadband
  X-ray Spectroscopy by Yamada, Satoshi et al.
Draft version May 19, 2020
Typeset using LATEX twocolumn style in AASTeX63
Nature of Compton-thick Active Galactic Nuclei in “Non-merging” Luminous Infrared Galaxies
UGC 2608 and NGC 5135 Revealed with Broadband X-ray Spectroscopy
Satoshi Yamada ,1 Yoshihiro Ueda ,1 Atsushi Tanimoto ,1 Saeko Oda,1 Masatoshi Imanishi ,2, 3
Yoshiki Toba ,1, 4, 5 and Claudio Ricci 6, 7
1Department of Astronomy, Kyoto University, Kitashirakawa-Oiwake-cho, Sakyo-ku, Kyoto 606-8502, Japan
2National Astronomical Observatory of Japan, Osawa, Mitaka, Tokyo 181-8588, Japan
3Department of Astronomical Science, Graduate University for Advanced Studies (SOKENDAI), 2-21-1 Osawa, Mitaka, Tokyo 181-8588,
Japan
4Academia Sinica Institute of Astronomy and Astrophysics, 11F of Astronomy-Mathematics Building, AS/NTU, No.1, Section 4,
Roosevelt Road, Taipei 10617, Taiwan
5Research Center for Space and Cosmic Evolution, Ehime University, 2-5 Bunkyo-cho, Matsuyama, Ehime 790-8577, Japan
6Nu´cleo de Astronomı´a de la Facultad de Ingenier´ıa, Universidad Diego Portales, Av. Eje´rcito Libertador 441, Santiago, Chile
7Kavli Institute for Astronomy and Astrophysics, Peking University, Beijing 100871, People’s Republic of China
(Received January 14, 2020; Revised May 17, 2020; Accepted May 18, 2020)
ABSTRACT
We have analyzed the broadband X-ray spectra of active galactic nuclei (AGNs) in two “non-merging”
luminous infrared galaxies (LIRGs) UGC 2608 and NGC 5135, utilizing the data of NuSTAR, Suzaku,
XMM-Newton, and Chandra. Applying the X-ray clumpy-torus model (XCLUMPY: Tanimoto et al.
2019), we find that both sources have similar spectra characterized by Compton-thick (CT) absorption
(NH ∼ 5–7 ×1024 cm−2) and small torus angular width (σ < 20◦). The intrinsic 2–10 keV luminosities
are 3.9+2.2−1.7 ×1043 erg s−1 (UGC 2608) and 2.0+3.3−1.0 ×1043 erg s−1 (NGC 5135). The [O IV]-to-nuclear-
12 µm luminosity ratios are larger than those of typical Seyferts, which are consistent with the torus
covering factors (CT . 0.7) estimated from the torus angular widths and column densities by X-ray
spectroscopy. The torus covering factors and Eddington ratios (λEdd ∼ 0.1) follow the relation found
by Ricci et al. (2017a) for local AGNs, implying that their tori become geometrically thin due to
significant radiation pressure of the AGN that blows out some part of the tori. These results indicate
that the CT AGNs in these “non-merger” LIRGs are just a normal AGN population seen edge-on
through a large line-of-sight column density. They are in contrast to the buried CT AGNs in late-stage
mergers that have large torus covering factors even at large Eddington ratios.
Keywords: Black hole physics (159); Active galactic nuclei (16); X-ray active galactic nuclei (2035);
Infrared galaxies (790); Supermassive black holes (1663); Observational astronomy (1145)
1. INTRODUCTION
Luminous1 and ultraluminous2 infrared galaxies
(U/LIRGs; see Sanders & Mirabel 1996 for a review) are
key populations to understand the co-evolution of galac-
tic bulges and their central supermassive black holes
(SMBHs). They are powered by starburst and active
Corresponding author: Satoshi Yamada
styamada@kusastro.kyoto-u.ac.jp
1 LIRGs: LIR(8–1000 µm) > 10
11L = 3.828 ×1044 erg s−1
2 ULIRGs: LIR(8–1000 µm) > 10
12L = 3.828 ×1045 erg s−1
galactic nucleus (AGN) activities hidden behind gas
and dust. The integrated infrared (IR) luminosity of
U/LIRGs constitutes a dominant fraction of the total
radiation density at z > 1, which is much larger than
that directly visible in the UV band (Madau & Dick-
inson 2014). Hence, they trace major processes of star
formation and SMBH growth in the cosmic history.
As a possible explanation for the cosmic “downsiz-
ing” of galaxies and SMBHs (Cowie et al. 1996; Ueda
et al. 2003), it has been suggested that the triggering
mechanisms of star formation and mass accretion onto
SMBHs may have two channels: more massive galaxies
and SMBHs are formed via “major mergers” at higher
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redshifts, while less massive galaxies and SMBHs are for-
mer via “secular processes” at lower redshifts (e.g., Kor-
mendy et al. 2011; Draper & Ballantyne 2012; Alexander
& Hickox 2012; Barro et al. 2013; Tadaki et al. 2014).
In fact, morphological studies revealed that LIRGs were
generally a mix of mergers and single isolated disk galax-
ies at z < 1 (e.g., Wang et al. 2006; Kartaltepe et al.
2010). According to the above scenario, it is expected
that the structure of AGNs in “merging” LIRGs and
“non-merging” ones may be largely different because of
the different AGN triggering mechanisms, even if their
IR luminosities (hence star formation rates; SFRs) are
similar. Previous studies of “merging” U/LIRGs re-
vealed that at late merger stages the AGNs often be-
came deeply “buried” with large torus covering factors
by circumnuclear material of gas and dust (probed in
the 1–80 keV broadband X-ray band; e.g., Ricci et al.
2017b) and also of dust (probed in the 1–60 µm near-IR
to far-IR band; e.g., Sanders et al. 1988; Imanishi et al.
2008; Yamada et al. 2019). It is thus essential to inves-
tigate the properties of AGNs in “non-merging” LIRG
utilizing the X-ray and IR data, for a full understanding
of whether or not they have distinct characteristics from
those in “merging” LIRGs.
In this work, we focus on AGNs in U/LIRGs with no
signs of mergers from a complete flux-limited sample of
the Great Observatories All-sky LIRG Survey (GOALS;
Armus et al. 2009), which consists of 22 ULIRGs and
180 LIRGs having fν(60 µm) > 5.24 Jy in the local
(z < 0.088) universe. The GOALS sample contains
12 non-merging LIRGs (according to Stierwalt et al.
2013) that were observed with Nuclear Spectroscopic
Telescope Array (NuSTAR; Harrison et al. 2013), the
first focusing telescope in orbit operating at >10 keV,
by Cycle-4. Among them, NGC 1068 and NGC 7130
are recently reported that they show features of past
mergers (Davies et al. 2014; Tanaka et al. 2017), and
thus are excluded. We also exclude NGC 1275 (a radio
galaxy in the Perseus cluster) and NGC 1365 (show-
ing variable absorption; e.g., Rivers et al. 2015) from
our sample as exceptional sources. Performing the
same data reduction in Section 2.1, we find that the
6 objects, UGC 2612, NGC 4418, IC 860, NGC 5104,
NGC 6907, and NGC 7591 are either undetected or de-
tected only below ∼10 keV with NuSTAR. Thus, we
select UGC 2608 and NGC 5135 as the best targets for
our study.
UGC 2608 (z = 0.0233, logLIR/L = 11.4) and
NGC 5135 (z = 0.0137, logLIR/L = 11.3) are classi-
fied as nonmergers from the Spitzer/IRAC 3.6 µm and
the high resolution Hubble Space Telescope (HST ) data
(Stierwalt et al. 2013). Optically the sources were clas-
sified as Seyfert 2s (Ve´ron-Cetty & Ve´ron 2003). AGN
signatures were also detected at the mid-IR wavelengths
on the basis of the 6.2 µm polycyclic aromatic hydrocar-
bon (PAH) equivalent widths and the [Ne V] 14.32 µm
line luminosities (Inami et al. 2013). The properties of
AGNs and starbursts are constrained in the IR band by
spectral energy distribution (SED) fitting (e.g., Shang-
guan et al. 2019).
The nature of the AGNs in UGC 2608 and NGC 5135
are still unclear because of their heavily obscuration.
Using XMM-Newton data, Guainazzi et al. (2005) sug-
gested that UGC 2608 contains a heavily obscured AGN
with NH > 1.6 × 1024 cm−2, which is Compton-thick
(CT) level (i.e., NH & 1.5×1024 cm−2). With Chandra,
Levenson et al. (2004) found that the AGN in NGC 5135
is heavily obscured with NH ≥ 1024 cm−2. How-
ever, their intrinsic luminosities were not accurately es-
timated only from the X-ray observations below 10 keV.
Suzaku detected narrow Fe Kα lines of large equiva-
lent widths (EWs), 0.6 ± 0.3 keV for UGC 2608 and
1.6±0.4 keV for NGC 5135, which are possible evidence
for CT AGNs (Fukazawa et al. 2011; Singh et al. 2012),
whereas the flux uncertainties above 10 keV are large
due to the limited photon statistics. The more sensitive
hard X-ray data of NuSTAR observations enable us to
characterize the properties of these AGNs.
In this paper, we analyze the best quality broadband
X-ray spectra of UGC 2608 and NGC 5135, utilizing the
data of NuSTAR, Suzaku, XMM-Newton, and Chandra.
The paper is organized as follows. In Section 2, we
describe the observations and data reduction. Section 3
reports our results of the spectral analysis using two
models: a baseline model and a Monte Carlo-based
model from a clumpy torus (XCLUMPY; Tanimoto
et al. 2019). We discuss the implications from our re-
sults in Section 4. Our findings are summarized in
Section 5. Throughout the paper, we adopt the cosmo-
logical parameters of H0 = 70 km s
−1 Mpc−1, ΩM =
0.27, and ΩΛ = 0.73. All errors correspond to the 90%
confidence level for a single interesting parameter.
2. OBSERVATIONS AND DATA REDUCTION
The observation logs of UGC 2608 and NGC 5135 are
summarized in Table 1. The X-ray spectral analysis
is carried out by combining the NuSTAR data (Sec-
tion 2.1) with those of Suzaku (Section 2.2), XMM-
Newton (Section 2.3), and Chandra (Section 2.4).
2.1. NuSTAR
NuSTAR (Harrison et al. 2013) is the first satellite
capable of focusing hard X-rays above 10 keV, cover-
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Table 1. Observation Log Utilized in This Work
Object Satellite Instrument ObsID UT Observation Date Net Exp. (ks)
UGC 2608 NuSTAR FPMA, FPMB 60001161002 2014 Oct 08 17:06:07 22.1/22.2
Suzaku XIS-0, 1, 3 701007020 2007 Feb 04 18:21:52 39.5
XMM-Newton EPIC/MOS1, 2, pn 0002942401 2002 Jan 28 16:56:46 4.8/4.8/2.1
NGC 5135 NuSTAR FPMA, FPMB 60001153002 2015 Jan 14 15:31:07 33.4/32.5
Suzaku XIS-0, 1, 3 702005010 2007 Jul 03 05:59:41 52.5
Chandra ACIS-S 2187 2001 Sep 04 15:22:37 29.3
ing the 3–79 keV band. It consists of two co-aligned X-
ray telescopes coupled with focal plane modules (FPMA
and FPMB; FPMs). NuSTAR observed UGC 2608 for
a net exposure of ∼22 ks on 2014 October 8 (ObsID =
60001161002) and NGC 5135 for ∼33 ks on 2015 Jan-
uary 14 (ObsID = 60001153002). The NuSTAR data
were processed with the NuSTAR Data Analysis Soft-
ware nustardas v1.8.0 included in heasoft v6.25, by
adopting the calibration files released on 2019 May 13.
The nupipeline script was used to produce calibrated
and cleaned event files with the saamode=optimized
and tentacle=yes options. The source spectra and
light curves were extracted from a circular region with
a radius of 50′′ by using the nuproducts task. The
background was taken from a nearby source-free circu-
lar region with a radius of 100′′. We confirmed that
the spectra and light curves showed good agreement be-
tween FPMA and FPMB, and then we coadded them
to improve the photon statistics with the addascaspec
and lcmath tasks, respectively. The 3–24 keV light
curves of the sources show no evidence of significant flux
variability on a time scale longer than 5820 s (the orbital
period of NuSTAR). The spectral bins were grouped to
contain at least 50 and 60 counts for UGC 2608 and
NGC 5135, respectively, in order to facilitate the use of
χ2 statistics and not to lose energy resolution by overbin-
ning.
2.2. Suzaku
UGC 2608 and NGC 5135 were observed with Suzaku
(Mitsuda et al. 2007) in 2007 February and July, respec-
tively. Suzaku, the fifth Japanese X-ray satellite, carries
four X-ray CCD cameras called the X-ray Imaging Spec-
trometer (XIS-0, XIS-1, XIS-2, and XIS-3), covering the
energy band of 0.2–12 keV. XIS-0, XIS-2, and XIS-3 are
frontside-illuminated cameras (XIS-FIs) and XIS-1 is a
backside-illuminated one (XIS-BI). XIS-2 data were not
available for both objects due to the malfunction that
had occurred in 2006 November. We used the Suzaku
calibration database released on 2018 October 23 for
generating the cleaned event files with the recommended
filtering options. Source photons were extracted from
a circular region with a radius of 2.4′ centered on the
source center, and the background was from two source-
free circular regions with radii of 2.2′. We generated
the XIS response matrix files (RMF) with xisrmfgen
and ancillary response files (ARF) with xissimarfgen
(Ishisaki et al. 2007). All the spectra of the XIS-FIs
available in each observation were combined together.
The XIS spectra of UGC 2608 and NGC 5135 were re-
binned to contain at least 70 and 80 counts per energy
bin, respectively. We decided not to use the data of the
Hard X-ray Detector (HXD) in our analysis, due to the
much poorer photon statistics than those of the NuS-
TAR data in these faint targets and possible systematic
uncertainties in the HXD background model (Fukazawa
et al. 2009).
2.3. XMM-Newton
The XMM-Newton (Jansen et al. 2001) observation
of UGC 2608 was performed on 2002 January 28. We
analyzed the data of two EPIC/MOS (MOS1, MOS2)
and EPIC/pn reprocessed with the XMM-Newton Sci-
ence Analysis System (sas: Gabriel et al. 2004) v17.0.0
and Current Calibration Files (CCF) of 2018 June 22.
The raw MOS and pn data files were reduced with the
emproc and epproc tasks, respectively. We selected
good events with PATTERN ≤12 for MOS and PAT-
TERN ≤4 for pn. To filter out the periods of back-
ground flares, we excluded data when the count rates
exceeded 1.0 counts s−1 in the 10–12 keV band for MOS
and 2.0 counts s−1 above 10 keV for pn. For both cam-
eras, the source spectra were extracted from a circular
region of 20′′ radius, whereas the background ones were
from a source-free region with a radius of 40′′ in the
same CCD chips. We created the RMF with rmfgen
and ARF with arfgen. The source spectra, background
spectra, RMFs, and ARFs of EPIC/MOS1 and MOS2
were combined by using addascaspec, and the spectral
bins were merged to contain no less than 20 counts.
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2.4. Chandra
Chandra (Weisskopf et al. 2002) observed NGC 5135
with ACIS-S on 2001 September 04 for a net exposure
of 29.3 ks. The data reduction was performed with
the standard procedures, by using Chandra Interactive
Analysis of Observations (CIAO) v4.11 and the Calibra-
tion Database (CALDB) v4.8.4.1. The event files were
reproduced by the chandra repro tool. We extracted
the source spectrum from a circular region with a ra-
dius of 10.5′′, and took the background from a nearby
source-free circular region with the same radius. The
spectrum was rebinned to have no less than 20 counts
per bin.
3. X-RAY SPECTRAL ANALYSIS
The broadband X-ray spectra of these sources (∼0.5–
70 keV) consisting of multiple instrument data are si-
multaneously analyzed. Considering the signal-to-noise
ratio of the spectra, we determine the energy band to
be used as follows: for UGC 2608, NuSTAR/FPMs (3–
70 keV), Suzaku/XIS-FIs (0.9–7 keV), XIS-BI (0.45–
7 keV), XMM-Newton EPIC/MOS (0.7–7 keV), and
EPIC/pn (0.5–7 keV); for NGC 5135, NuSTAR/FPMs
(3–74 keV), Suzaku/XIS-FIs (0.8–10 keV), XIS-BI (0.7–
8 keV), and Chandra/ACIS-S (0.5–6 keV). The data of
XIS-FIs and XIS-BI in the 1.6–1.9 keV band are ex-
cluded to avoid the calibration uncertainty.3 The ob-
served spectra folded with the energy responses are plot-
ted in the left panels of Figure 1 and 2.
In spectral fitting, we consider the Galactic absorption
by multiplying phabs to intrinsic spectral models, and
fix the hydrogen column densities at 2.03 ×1021 cm−2
for UGC 2608 and 6.02 ×1020 cm−2 for NGC 5135
(Willingale et al. 2013). We correct possible cross-
calibration uncertainties among different instruments by
introducing constant factors (const1; CFI, CBI, Cpn, and
CACIS for XIS-FIs, XIS-BI, EPIC/pn, and ACIS-S, re-
spectively). This value is set to unity for the NuS-
TAR/FPMs and XMM-Newton EPIC/MOS as calibra-
tion references, both of which are well cross-calibrated
within a few percent (Madsen et al. 2015, 2017), and
allowed the other constants to vary within a range of
0.8–1.2. The solar abundances by Anders & Grevesse
(1989) are assumed. Possible time variability of the
AGN emission is ignored because it is not significantly
required from the data. All spectral fitting was carried
out on xspec v12.10.1 (Arnaud 1996) by adopting χ2
statistics.
3 https://heasarc.gsfc.nasa.gov/docs/suzaku/analysis/abc/node8.html
3.1. Baseline Model
Previous X-ray studies suggested that UGC 2608 and
NGC 5135 hosted CT AGNs (e.g., Guainazzi et al. 2005;
Fukazawa et al. 2011; Singh et al. 2012), and therefore
we start with a conventional model often applied for
CT objects (e.g., Oda et al. 2017; Ricci et al. 2017c;
Tanimoto et al. 2018). The model consists of four com-
ponents: an absorbed direct component, an unabsorbed
scattered component, a reflection component, and a soft
thermal component. In the xspec terminology, it is de-
scribed as
const1 ∗ phabs ∗ (zphabs ∗ cabs ∗ zpowerlw ∗ zhighect
+const2 ∗ zpowerlw ∗ zhighect + pexmon + apec). (1)
The first term represents the transmitted AGN compo-
nent modeled by an absorbed power law with a high-
energy cutoff of 300 keV (e.g., Dadina 2008). We con-
sider the Compton scattering effect to the primary com-
ponent by multiplying the cabs model. For UGC 2608,
the photon index (ΓAGN) is fixed at 1.8 as a typical
value (e.g., Ueda et al. 2014; Ricci et al. 2017c), since
it cannot be well constrained due to the limited pho-
ton statistics. The second term is the component rep-
resenting scattering by ionized material. The normal-
ization and cutoff energy are linked to those of the pri-
mary component. The photon index (Γscat) is set to
vary between 1.5 and 3.0, because photoionized plasma
often contains emission lines that cannot be resolved
by CCD, making the apparent slope steeper than that
of the primary component. We multiply the scatter-
ing fraction (const2, fscat) relative to the transmitted
emission at 1 keV (e.g., Ueda et al. 2007). The third
term describes the reflection component from the torus.
For Compton-reflection continuum we use the pexmon
model in XSPEC (Nandra et al. 2007), which calculates
a reflection spectrum from optically-thick cold matter
(pexrav; Magdziarz & Zdziarski 1995) including Fe Kα
(6.4 keV), Fe Kβ (7.1 keV), and Ni Kα (7.5 keV) fluo-
rescence lines. The relative intensity, R = Ω/2pi (Ω is
the solid angle of the reflector), is allowed to vary within
a range of 0.1 ≤ R ≤ 2 in order to avoid unrealistic so-
lutions, and the inclination angle is set to i = 60◦. The
normalization, photon index, and cutoff energy are tied
to those of the primary component. The last term ac-
counts for optically-thin thermal emission from plasma
in the host galaxy (apec; Smith et al. 2001), likely re-
lated to star-forming regions.
This analytic model well reproduces the broadband
spectra of UGC 2608 (with the chi-squared statistic di-
vided by the number of degrees of freedom, χ2/dof =
77.0/72) and NGC 5135 (χ2/dof = 186.6/160) in the
∼0.5–70 keV energy band. The best-fit parameters are
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Table 2. Summary of the Best-fit Spectral Parameters
No. Parameter UGC 2608 NGC 5135
Baseline Model XCLUMPY Model Baseline Model XCLUMPY Model
(1) NLOSH [10
24 cm−2] 3.2+0.4−1.0 5.4
+7.0
−3.1 6.3
+3.7a
−3.1 6.6
+22.5
−2.7
(2) NEquH [10
24 cm−2] · · · 15+19−9 · · · 9.5+32.0−3.9
(3) ΓAGN 1.8
b 1.8b 1.50+0.06a−0.00 1.71
+0.19
−0.15
(4) AAGN [10
−2 keV−1 cm−2 s−1] 0.65+0.09−0.42 0.96
+0.54
−0.41 0.59
+0.10
−0.49 1.27
+2.06
−0.64
(5) fscat [%] 0.87
+1.62
−0.26 0.57
+0.44
−0.24 1.84
+8.16a
−0.28 0.91
+0.77
−0.57
(6) Γscat 3.00
+0.00a
−0.43 2.87
+0.13a
−0.59 2.79
+0.09
−0.10 2.65
+0.15
−0.11
(7) R 0.10+0.18a−0.00 · · · 0.10+0.52a−0.00 · · ·
(8) σ [degree] · · · 10.0+8.2a−0.0 · · · 10.0+4.5a−0.0
(9) i [degree] 60b 80b 60b 84.0+3.0a−6.0
(10) NLine · · · · · · · · · 2.0+0.5−0.4
(11) kT [keV] 0.82+0.13−0.06 0.82
+0.14
−0.06 0.90
+0.03
−0.03 0.88
+0.03
−0.05
(12) Aapec [10
−5 cm−5] 4.58+1.01−0.84 4.65
+1.06
−0.99 6.22
+0.91
−0.79 6.25
+1.06
−0.91
(13) CFI 1.20
+0.00a
−0.14 1.20
+0.00a
−0.13 1.07
+0.12
−0.11 1.03
+0.14
−0.13
(14) CBI 1.20
+0.00a
−0.11 1.20
+0.00a
−0.11 1.12
+0.08a
−0.13 1.08
+0.12a
−0.14
(15) Cpn 0.97
+0.15
−0.14 0.97
+0.15
−0.15 · · · · · ·
(16) CACIS · · · · · · 0.97+0.11−0.11 0.94+0.13−0.12
(17) F obs2−10 [10
−13 erg s−1 cm−2] 2.1 2.1 3.8 3.7
(18) F obs15−50 [10
−12 erg s−1 cm−2] 3.0 3.1 4.2 4.1
(19) L2−10 [1043 erg s−1] 3.2+0.4−2.0 3.9
+2.2
−1.7 1.6
+0.3
−1.3 2.0
+3.3
−1.0
(20) L10−50 [1043 erg s−1] 3.8+0.5−2.4 5.0
+2.8
−2.2 3.1
+0.5
−2.6 3.0
+5.0
−1.5
(21) LKα [10
40 erg s−1] 4.2 4.4 2.6 3.7
(22) CT · · · 0.45+0.31a−0.01 · · · 0.44+0.20a−0.01
(23) C
(24)
T · · · 0.28+0.23a−0.03 · · · 0.26+0.21a−0.02
χ2/dof 77.0/72 75.1/72 186.6/160 164.1/158
Note—Columns: (1) hydrogen column density along the line of sight; (2) hydrogen column density along the equatorial
plane (i.e., the maximum NH); (3) power-law photon index of the AGN transmitted component; (4) power-law
normalization of the AGN transmitted component at 1 keV; (5) scattering fraction; (6) power-law photon index of
the scattering component including emission lines from photoionized plasma; (7) reflection strength (R = Ω/2pi) of the
pexmon model; (8) torus angular width; (9) inclination angle of the torus; (10) relative normalization of the emission
lines from the torus; (11) temperature of the apec model; (12) normalization of the apec model; (13) cross-calibration
of Suzaku/XIS-FIs relative to NuSTAR/FPMs; (14) cross-calibration of Suzaku/XIS-BI relative to NuSTAR/FPMs;
(15) cross-calibration of XMM-Newton EPIC/pn relative to NuSTAR/FPMs; (16) cross-calibration of Chandra/ACIS-
S relative to NuSTAR/FPMs; (17–18) observed flux in the 2–10 keV and 15–50 keV band, respectively (normalized at
the value of the NuSTAR observation); (19–20) intrinsic luminosity in the 2–10 keV and 10–50 keV band, respectively.
The errors on luminosities are estimated by fixing the photon index at the best-fit value; (21) luminosity of the iron-
Kα line; (22–23) torus covering factor derived from the equatorial column density and torus angular width through
Equation (4) for Compton-thin (NH ≥ 1022 cm−2) and Compton-thick (NH ≥ 1024 cm−2) material, respectively.
aThe parameter reaches a limit of its allowed range.
bValue fixed.
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summarized in Table 2. From the best-fit model, we cal-
culate the observed fluxes, intrinsic AGN luminosities,
and Fe Kα luminosities, which are also listed in Table 2.
The line-of-sight column densities are estimated to be
NLOSH = 3.2
+0.4
−1.0 × 1024 cm−2 (UGC 2608) and >3.2
×1024 cm−2 (NGC 5135), classifying both objects as
CT AGNs. The folded spectra and best-fit models are
plotted in the upper panels of Figure 1 and 2.
3.2. XCLUMPY Model
Next, we apply the XCLUMPY model (Tanimoto
et al. 2019), a Monte Carlo-based spectral model from
the clumpy torus in an AGN. Many observations in the
IR band indicate that AGN tori must be composed of
dusty clumps rather than of a smooth mixture of gas
and dust (e.g., Krolik & Begelman 1988; Wada & Nor-
man 2002; Ho¨nig & Beckert 2007). Moreover, X-ray
works using smooth torus models often suggest a large
amount of unabsorbed reflection components noticeable
below the Fe K edge. These spectral features are inter-
preted to be caused by clumpy tori (e.g., Liu & Li 2014;
Furui et al. 2016; Tanimoto et al. 2018, 2019). There-
fore, we regard it as one of the most physically realistic
models currently available.
The biggest advantage of the XCLUMPY model is
that the same model can be fitted to the X-ray and the
IR data. In this model, the geometry of the torus is as-
sumed to be the same as that in the CLUMPY model in
the IR band (Nenkova et al. 2008a,b), where clumps are
distributed according to power-law and normal distribu-
tions in the radial and angular directions, respectively.
In reality, the gas and dust are not located in the same
place.4 Then, a comparison between self-consistent X-
ray and IR models provides more robust measures of
the covering factors for the “gas” (probed in the X-ray
band) and the “dust” (probed in the IR band).
The geometry in the XCLUMPY model is deter-
mined by the column density along the equatorial plane
(NEquH ), the torus angular width (σ within a range of
10◦–70◦), and the inclination angle (i within a range of
20◦–87◦).5 In XSPEC, the model is written as:
const1 ∗ phabs ∗ (zphabs ∗ cabs ∗ zpowerlw ∗ zhighect
+const2 ∗ zpowerlw ∗ zhighect + atable{xclumpy R.fits}
+const3 ∗ atable{xclumpy L.fits}+ apec). (2)
4 Ichikawa et al. (2019) argued a possible presence of X-ray absorb-
ing dust-free gas. Tanimoto et al. (2020) suggested that the IR
spectrum of an AGN is largely affected by a dusty polar outflow.
5 The other fixed parameters are the inner and outer radii of the
torus (0.05 pc and 1.00 pc), the radius of each clump (0.002 pc),
the number of clumps along the equatorial plane (10.0), and the
index of radial density profile (0.5) (see Tanimoto et al. 2019).
The first (transmitted component) and second (scat-
tered component by ionized material) terms are the
same as in the previous model. The third and fourth
ones represent the two table models of XCLUMPY, the
reflection continuum (xclumpy R.fits) and fluorescence
lines (xclumpy L.fits), respectively. The parameters of
the reflection continuum and lines are fixed to be the
same. The relative normalization of the emission lines
to the reflection continuum (NLine; const3) is set to be
a free parameter for NGC 5135, which significantly im-
proves the fit (∆χ2 = 30.4 for 1 dof). This factor can
take into account uncertainties caused by the assump-
tion of geometry and possible non-solar abundances.
The photon index, cutoff energy, and normalization of
the power law are linked to those of the transmitted com-
ponent. The inclination of UGC 2608 is fixed at 80◦,
which cannot be well determined with the data. The
line-of-sight column density (NLOSH ) in the first term is
linked to the equatorial column density (NEquH ), the in-
clination, and the torus angular width through Equation
(3) in Tanimoto et al. (2019). The fifth term corresponds
to the emission from optically thin thermal plasma in the
host galaxy.
We find this model also well reproduces the spectra of
UGC 2608 (χ2/dof = 75.1/72) and NGC 5135 (χ2/dof =
164.1/158). These fits are statistically better compared
with those by the baseline model, although both mod-
els represent statistically acceptable representations of
the data. Table 2 lists the best-fit parameters, observed
fluxes, intrinsic X-ray luminosities, and Kα luminosities.
The lower panels of Figure 1 and 2 illustrate the folded
spectra and best-fit models. The line-of-sight column
densities are found to be NLOSH = 5.4
+7.0
−3.1 × 1024 cm−2
and 6.6+22.5−2.7 × 1024 cm−2, and the best-fit intrinsic 2–
10 keV luminosities are L2−10 = 3.9+2.2−1.7 × 1043 erg s−1
and 2.0+3.3−1.0×1043 erg s−1 for UGC 2608 and NGC 5135,
respectively. This confirms that both sources host CT
AGNs.
4. DISCUSSION
We have presented the best quality broadband X-ray
spectra of UGC 2608 and NGC 5135 in the ∼0.5–70 keV
band, observed with NuSTAR, Suzaku, XMM-Newton
and Chandra. The sensitive hard X-ray data of NuS-
TAR have enabled us to best constrain the properties of
the obscured AGNs. For both targets, the XCLUMPY
model better reproduces the combined spectra than the
baseline model, which are found to be dominated by
the reflection component from the torus above 10 keV.
The resultant line-of-sight column densities and intrin-
sic 2–10 keV luminosities are consistent between the two
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Figure 1. Folded spectra and best-fit models of UGC 2608 with the baseline model (upper panels) and XCLUMPY model
(lower panels). Left panels: the black, red, green, blue, and cyan crosses are the data of NuSTAR/FPMs, Suzaku/XIS-FIs,
XIS-BI, XMM-Newton EPIC/MOS, and EPIC/pn, respectively. The solid lines represent the best-fit models, and the bottom
panels show the residuals. Right panels: the black, blue, orange, green, magenta, cyan lines represent the total, AGN
transmitted component, scattering component, reflection component, emission lines from the torus, and thermal emission from
the host galaxy, respectively, in units of EIE .
models. Hereafter, we refer to the results obtained with
the XCLUMPY model, where a more realistic geometry
is considered.
We have revealed that UGC 2608 and NGC 5135 con-
tain heavily CT AGNs with column densities of NLOSH
= 5.4+7.0−3.1×1024 cm−2 and 6.6+22.5−2.7 ×1024 cm−2, respec-
tively. The large Fe Kα EWs, ∼1.4 keV for UGC 2608
and ∼2.5 keV for NGC 5135 (see also Fukazawa et al.
2011), are characteristics of CT AGNs (Ghisellini et al.
1994; Ricci et al. 2014). Our results thus confirm
the main conclusions of previous X-ray studies. Us-
ing the XMM-Newton spectra of UGC 2608, Guainazzi
et al. (2005) obtained a photon index of Γ = 2.3+1.1−0.3,
which is assumed to be common for the AGN and scat-
tered components, and a hydrogen column density of
NH > 1.6 × 1024 cm−2. Analyzing the Suzaku 0.5–
50 keV spectra of NGC 5135, Singh et al. (2012) ob-
tained ΓAGN = 1.65
+0.26
−0.12 and Γscat = 2.31
+0.12
−0.07 with a
column density of NH = 2.20
+0.36
−0.27 × 1024 cm−2. This
column density of NGC 5135 is smaller by a factor of
∼3 than our result. We infer that the difference may
be due to a calibration issue and/or time variability in
NH, since the Suzaku HXD/PIN flux in the 15–50 keV
band6, F obs15−50 = (1.09±0.13)×10−11 erg cm−2 s−1, was
∼3 times larger than the best-fit NuSTAR flux.
4.1. Luminosities and Eddington Ratios
In the IR band, the presence of the obscured AGNs in
UGC 2608 and NGC 5135 was suggested by detections
6 The error includes a systematic uncertainty of .3% in the
HXD/PIN background model (Fukazawa et al. 2009). The best-
fit photon index of 1.71 is assumed to convert from the observed
count rate into the 15–50 keV flux.
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Figure 2. Folded spectra and best-fit models of NGC 5135 with the baseline model (upper panels) and XCLUMPY model
(lower panels). Left panels: the black, red, green, and magenta crosses are the data of NuSTAR/FPMs, Suzaku/XIS-FIs,
XIS-BI, and Chandra/ASIS-S, respectively. The solid lines represent the best-fit models, and the bottom panels show the
residuals. Right panels: the black, blue, orange, green, magenta, cyan lines represent the total, AGN transmitted component,
scattering component, reflection component, emission lines from the torus, and thermal emission from the host galaxy,
respectively, in units of EIE .
of high-excitation emission lines, in particular of [O IV]
25.89 µm and [Ne V] 14.32 µm (Inami et al. 2013); using
the five diagnostics of Spitzer/IRS data7, Dı´az-Santos
et al. (2017) estimated the AGN fractions in the mid-IR
luminosities to be ∼62% for UGC 2608 and ∼36% for
NGC 5135 (the average of the five methods). Spectral
decomposition can constrain the physical properties of
the AGN in more detail. From the broadband IR (∼1–
500 µm) SED fitting, Shangguan et al. (2019) estimated
the stellar masses, log(Mstellar/M) = 10.92± 0.20 and
11.03±0.20, the SFRs, log(SFR/Myr−1) = 1.37±0.20
7 The diagnostics are following: the [Ne V]14.3/[Ne II]12.8 flux
ratios; the [O IV]25.9/[Ne II]12.8 flux ratios; the equivalent width
of the 6.2 µm PAH; the S30/S15 dust continuum slope; and the
Laurent diagram (Laurent et al. 2000).
and 1.34 ± 0.01, and the IR luminosities from the
tori, log(L
(IR)
torus/erg s
−1) = 44.18+0.05−0.04 and 43.76
+0.03
−0.03 for
UGC 2608 and NGC 5135, respectively. The intrinsic
2–10 keV luminosity of a normal Seyfert galaxy can be
estimated from an IR AGN luminosity by using the re-
lation by Mullaney et al. (2011):
logL2−10,43 =
logLAGNIR,43 − (0.53± 0.26)
(1.11± 0.07) , (3)
where the X-ray and IR luminosities are in units of
1043 erg s−1. Assuming L(IR)torus ≈ LAGNIR , the above equa-
tion yields X-ray luminosities of L2−10 = (3.9 ± 2.6) ×
1043 erg s−1 (UGC 2608) and (1.6± 1.1)× 1043 erg s−1
(NGC 5135). They are in good agreement with our re-
sults derived from the broadband X-ray spectral analy-
sis.
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Table 3. Nuclear 12 µm and Intrinsic 2–10 keV Luminosity for
AGNs in the Local U/LIRGs
Object M logL
(nuc)
12µm logL2−10 Ref
(1) (2) (3) (4) (5)
NGC 34 D 43.08± 0.05 41.98± 0.60 1
NGC 235A B 43.31± 0.20 43.18± 0.30 1
NGC 1068 N 43.80± 0.15 43.64± 0.30 1
NGC 1365 N 42.54± 0.04 42.12± 0.20 1
IRAS 05189–2524 D 44.87± 0.17 43.73± 0.43 1
UGC 5101 D 44.35± 0.08 43.15± 0.40a 2
NGC 3690W C 43.73± 0.28 43.26± 0.60 1
NGC 3690E C 43.30± 0.24 39.76± 0.30 1
IC 883 D <43.90 40.99± 0.40a 3
MCG-03-34-064 A 44.00± 0.05 43.33± 0.48 1
IC 4518W B 43.54± 0.07 43.05± 0.59 1
ESO 286–19 D 44.67± 0.04 42.39± 0.30 1
NGC 7130 N 43.17± 0.09 42.81± 0.60 1
NGC 7469 A 43.83± 0.05 43.19± 0.07 1
NGC 7674 A 44.26± 0.06 44.02± 0.55 1
NGC 7679 A 42.74± 0.12 42.03± 0.67 1
UGC 2608 N 43.63 (< 43.84)b 43.56± 0.22 4
NGC 5135 N 43.24± 0.08 43.26± 0.28 4
Note—Columns: (1) Object name; (2) merger stage (N = non-
merger, A = pre-merger, B = early-stage merger, C = mid-stage
merger, and D = late-stage merger; see Yamada et al. 2019); (3)
nuclear 12 µm luminosity in erg s−1; (4) intrinsic 2–10 keV lumi-
nosity in erg s−1; (5) references for the intrinsic 2–10 keV lumi-
nosity. List of references: (1) Asmus et al. (2015); (2) Oda et al.
(2017); (3) Romero-Can˜izales et al. (2017); (4) this work.
aTypical error is adopted.
bThis value is converted from the total 12 µm luminosity by mul-
tiplying the mid-IR AGN fraction.
The BH masses (MBH) of UGC 2608 and NGC 5135
are estimated as log(MBH/M) ∼ 7.78 ± 0.50 (Dasyra
et al. 2011) and ∼ 7.29±0.44 (Marinucci et al. 2012), re-
spectively, on the basis of the MBH-σ relation.
8 Adopt-
ing a 2–10 keV-to-bolometric luminosity ratio of 20, a
typical value for Seyferts (Vasudevan & Fabian 2007),
we can convert our best-fit X-ray luminosities to the
bolometric ones as LAGNbol = 7.8
+4.4
−3.3 ×1044 erg s−1
(UGC 2608) and 4.1+6.6−2.1 ×1044 erg s−1 (NGC 5135).
8 These BH masses are consistent with those calculated from the
stellar masses of the host galaxies by using the empirical relation
of Reines & Volonteri (2015).
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Figure 3. Nuclear 12 µm luminosity vs. intrinsic 2–10 keV
luminosity for the local U/LIRGs in Table 3. These symbols
are color coded by the merger stages determined by Stierwalt
et al. (2013). Diamonds, circles, and triangles mark the
Seyfert 1/1.5, Seyfert 1.8/2, and AGN/starburst composites
determined by the optical AGN classification, and empty
symbols are the starburst-dominated objects whose mid-IR
AGN fractions are <1/3 (see Yamada et al. 2019). Purple
stars represent UGC 2608 and NGC 5135. Arrows mark
upper limits, and black solid line shows the typical relation
for local AGNs (Asmus et al. 2015).
Then, the Eddington ratios are calculated to be λEdd =
0.10+0.25−0.07 (UGC 2608) and 0.17
+0.51
−0.12 (NGC 5135).
These results (λEdd ∼ 0.1) are in contrast to the AGNs
in late-stage merging U/LIRGs, which often have large
Eddington ratios of &0.5, such as Mrk 463E (λEdd ∼
0.4–0.8; Yamada et al. 2018), IRAS 05189–2524 (λEdd ∼
1.2; Teng et al. 2015), and Mrk 231 (λEdd ∼ 5.2; Teng
et al. 2015). Thus, the SMBHs in these “non-merging”
U/LIRGs are not so rapidly growing as those in typical
“merging” U/LIRGs.
4.2. Geometry of Narrow Line Region and Torus
The comparison between intrinsic X-ray and nuclear
(subarcsecond-scale) 12 µm luminosities is useful to in-
vestigate the environment in the central regions. Nu-
clear 12 µm luminosity originates mainly from hot dust
heated by an AGN (e.g., Gandhi et al. 2009), which are
obtained from high spatial-resolution observations in or-
der to minimize the contamination by the host galaxy
(Asmus et al. 2014). In fact, Asmus et al. (2015) found
that the nuclear 12 µm and intrinsic X-ray luminosi-
ties were well correlated for normal Seyferts, whereas
they were not for AGN/starburst composites, uncertain
AGNs (e.g., low-luminosity AGNs), and buried AGNs
with large torus covering factors (Yamada et al. 2019).
The nuclear 12 µm luminosities are obtained by As-
mus et al. (2014) for 23 U/LIRGs in the GOALS sample.
In Table 3, we select AGNs in various merging stages of
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these U/LIRGs (Yamada et al. 2019) whose intrinsic 2–
10 keV luminosities are estimated. Figure 3 shows the
relation between X-ray and nuclear 12 µm luminosities.
As shown in the figure, in the case of mid-/late-stage
mergers, the X-ray to nuclear 12 µm luminosity ratios
are smaller than the typical relation found for normal
Seyferts (Asmus et al. 2015). There are two possibil-
ities that (1) the X-ray-to-bolometric luminosity ratio
is small because of high Eddington ratios (Vasudevan
& Fabian 2007) and that (2) starburst contamination
to the 12 µm luminosity is significant even in the nu-
clear region. Whereas, UGC 26089 and NGC 5135 show
the ratios consistent with the typical relation found for
normal Seyferts, indicating that they are neither AGNs
with large Eddington ratios nor starburst-dominant ob-
jects in agreement with their SFRs.
The properties of the tori in non-merging LIRGs are
still unclear. The IRAS 25–60 µm flux ratios (f25/f60)
of 0.43 for UGC 2608 and 0.34 for NGC 5135 (Sanders
et al. 2003) show warm far-IR colors (>0.2), support-
ing that they are not buried AGNs but normal edge-on
CT AGNs with co-existing nuclear starbursts (Sanders
et al. 1988; Imanishi et al. 2006, 2007). To confirm the
torus geometry, the [O IV] 25.89 µm and X-ray luminos-
ity ratio provides the information of the spatial extent
of the narrow line region (NLR). The [O IV] line is emit-
ted from the NLR irradiated by UV light from an AGN.
Hence, its luminosity should be roughly proportional to
the AGN bolometric luminosity times the solid angle
of the NLR (e.g., Kawamuro et al. 2016). However, this
relation is also affected by the ratio of the bolometric lu-
minosity to the X-ray one; for instance, AGNs with high
Eddington ratio such as those in the late-stage merging
U/LIRGs may have large ratios (i.e., X-ray weak; e.g.,
Teng et al. 2015; Yamada et al. 2018; Toba et al. 2019).
To avoid the uncertainty by this effect, we investi-
gate the correlation between the [O IV] 25.89 µm line
and nuclear 12 µm continuum luminosities. This would
be a better tracer of covering factors because both are
determined mainly by the UV luminosity dominating
the total power of the intrinsic AGN radiation (Yamada
et al. 2019). The sample is selected from our targets and
the local U/LIRGs listed in Table 2 of Yamada et al.
(2019), whose [O IV] and nuclear 12 µm luminosities
are both available. The result is shown in Figure 4.
They reported that the AGNs in the mid- to late-stage
9 For UGC 2608, the “nuclear” 12 µm luminosity is not available.
Hence, we utilize the total 12 µm luminosity [(6.97±0.04)×1043
erg s−1 obtained from the Spitzer/IRS spectra as a maximum
value] by multiplying the mid-IR AGN fraction (∼62%; Dı´az-
Santos et al. 2017).
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Figure 4. Relation of the [O IV] 25.89 µm to nuclear
12 µm luminosity for our targets and the AGNs in the local
U/LIRGs (Yamada et al. 2019). Symbols are the same as
in Figure 3. The black solid and blue dashed lines are the
averaged relation for Seyfert 2s obtained by Yang et al.
(2015) and that corrected for contribution of starburst in
the mid-IR luminosity by a factor of 3, which is valid for
objects with mid-IR AGN fractions of 1/3 (a typical value
in starburst-dominant objects).
mergers of U/LIRGs have small [O IV] luminosities rel-
ative to the 12 µm ones, suggesting that their nuclei are
deeply buried by tori with large covering factors. By
contrast, the AGNs in UGC 2608 and NGC 5135 have
larger [O IV] luminosities than those of typical Seyfert 2s
(Yang et al. 2015) and the other U/LIRGs, indicating
that the solid angles of their NLRs are large (i.e., the
torus covering factors are small).
4.3. Covering factors in the X-ray and IR band
To reinforce our interpretation on the torus geome-
try of UGC 2608 and NGC 5135, we estimate the cov-
ering factor (CT) from our X-ray spectral analysis re-
sults. With the XCLUMPY model, we have determined
the torus angular widths to be σ < 18.2◦ degrees and
<14.5◦, and the equatorial hydrogen column densities to
be NEquH = 15
+19
−9 ×1024 cm−2 and 9.5+32.0−3.9 ×1024 cm−2
for UGC 2608 and NGC 5135, respectively. These torus
angular widths are smaller than the averaged value of
the 10 local Seyfert 2s (<σ> ∼ 30◦) analyzed by Tani-
moto et al. (2020) with XCLUMPY. Figure 5 shows the
confidence contours between NEquH and σ. In the geom-
etry of XCLUMPY, the mean column density at a given
elevation angle (θ ≡ 90◦ − i) can be calculated as
NH(θ) = N
Equ
H exp
[
−
(
θ
σ
)2]
. (4)
Defining θc as the angle for which NH = 10
22 cm−2,
we find θc < 49.4
◦ and <39.6◦, which correspond to
NuSTAR observations of two non-merging LIRGs 11
Figure 5. Confidence contours between NEquH and σ of UGC 2608 (left panel) and NGC 5135 (right panel). The red and green
lines show the confidence levels at 1σ (red) and 90% (green), respectively.
CT < 0.76 and <0.64 for UGC 2608 and NGC 5135,
respectively. These results imply that these AGNs are
not deeply buried.
Considering the mid-IR results in Section 4.2, the
AGNs in UGC 2608 and NGC 5135 have small cover-
ing factors for both gas and dust. Ichikawa et al. (2015)
analyzed the IR SED of NGC 5135 with the CLUMPY
model and obtained a torus angular width of σIR = 63
+3
−5
degrees and a covering factor of CT,IR = 0.97
+0.01
−0.04
(the errors are 1σ). These estimates are larger than
those of X-ray results (σ < 14.5◦ and CT < 0.76).
Similar trends are reported in case of local Seyfert 1s
(Ogawa et al. 2019) and Seyfert 2s (Tanimoto et al. 2019,
2020) by comparing the results with the XCLUMPY and
CLUMPY models. Tanimoto et al. (2020) and Ogawa
et al. (2020) find a significant tendency that σIR es-
timated by Ichikawa et al. (2015) and Garc´ıa-Bernete
et al. (2019) is larger than σX, particularly in a high
inclination system. They propose that the discrepancy
can be explained by a contribution from “dusty” po-
lar outflows in the IR flux (Tristram et al. 2014; Asmus
et al. 2016; Asmus 2019). These effects are not con-
sidered in the CLUMPY model, whereas the effects to
the X-ray spectra are expected to be small (Tanimoto
et al. 2020). Thus, the results from the X-ray spec-
tra with XCLUMPY give more realistic estimates of the
torus covering factors than those from the IR SED with
CLUMPY.
Even if the nuclear 12 µm luminosity ratio may con-
tain the emission from the polar outflows, the [O IV] to
nuclear 12 µm luminosity ratio still represents the spa-
tial extent of the NLR. Hence, we conclude that AGN
tori in UGC 2608 and NGC 5135 are geometrically thin,
on the basis of the X-ray spectra and the [O IV] to nu-
clear 12 µm luminosity ratios.
4.4. Covering Factors vs. Eddington ratios
We investigate the relation between the covering fac-
tor and Eddington ratio. Utilizing local AGNs in the
Swift/BAT 70-month catalog, Ricci et al. (2017a) re-
port that AGNs with 10−4 ≤ λEdd ≤ 10−1.5 have ob-
scurers of NH ≥ 1022 cm−2 with large covering factors
(CT ∼ 0.85), whereas AGNs with λEdd ≥ 10−1.5 have
those with smaller covering factors (CT ∼ 0.40). They
interpret that radiation pressure from the AGN expells
dusty material when λEdd ≥ 10−1.5.
By adopting the estimated Eddington ratios (Sec-
tion 4.1), the relation of Ricci et al. (2017a) predicts
the covering factors with NH ≥ 1022 cm−2 to be CT =
0.32–0.76 (UGC 2608) and 0.31–0.72 (NGC 5135), and
that with NH ≥ 1024 cm−2 to be C(24)T ∼ 0.22 (both
objects).10 These values match well with the obtained
covering factors in the XCLUMPY model (CT ∼ 0.45
and ∼0.44, and C(24)T ∼ 0.28 and ∼0.26 for UGC 2608
and NGC 5135, respectively). The results suggest that
the XCLUMPY model reproduces a realistic description
of their compact AGN tori with NH ∼ 1024 cm−2 obscu-
ration; foreground absorption by the host galaxy (typ-
ically NH ∼ 1022 cm−2), if any, is negligible. We infer
that their tori become geometrically thin due to signifi-
cant radiation pressure of the AGN as is the case of local
AGNs with moderately high Eddington ratios.
Thus, our results indicate that the CT AGNs in these
“non-merging” LIRGs are just a normal AGN popula-
tion with moderate Eddington ratios seen close to edge-
on through a large line-of-sight column density. We note
10 The 1σ uncertainties are ±0.08 (UGC 2608) and ±0.09
(NGC 5135) for CT, and ±0.07 (both) for C(24)T .
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that these two objects may have smaller covering factors
than typical values in non-merging LIRGs because they
have largest [O IV]-to-12 µm luminosity ratios among
the 24 local U/LIRGs in Figure 4. This may be due to a
selection bias by the detections with NuSTAR for AGNs
with high luminosities and hence with large Eddington
ratios. It is thus important to confirm if all non-merging
LIRGs follow the relation by (Ricci et al. 2017a), using a
larger sample by more sensitive broadband X-ray spec-
troscopy.
By contrast, many studies suggest that AGNs in
U/LIRGs of late-stage mergers are deeply buried (i.e.,
having tori with large covering factors reaching almost
unity; Imanishi et al. 2006, 2007; Ricci et al. 2017b; Ya-
mada et al. 2019) even if they shine at large Eddington
ratios (Teng et al. 2015; Oda et al. 2017; Yamada et al.
2018). Then, the driver of these phenomena would be
not the Eddington ratio but the merger environment. In
such a “merging” system, the column density in almost
all directions becomes too large to be blowed out by
radiation pressure of the AGN. Thus, we suggest that
AGNs in “non-merging” LIRGs and those in “merging”
ones are distinct populations. The former have small
to moderate Eddington ratios and are not buried, while
the latter have moderate to high Eddington ratios even
though they are deeply “buried”. This is probably be-
cause the AGN trigger mechanism in “non-merging”
LIRGs is less violent than major mergers, such as minor
mergers, fly-by companions, and/or secular evolution
(e.g., Alonso-Herrero et al. 2013).
5. SUMMARY AND CONCLUSIONS
In this paper, we study the best-quality broadband X-
ray spectra of the two “non-merging” LIRGs UGC 2608
and NGC 5135, by combining the data of NuSTAR,
Suzaku, XMM-Newton, and Chandra. Applying the
XCLUMPY model (Tanimoto et al. 2019), we estimate
the line-of-sight hydrogen column densities of NLOSH =
5.4+7.0−3.1 ×1024 cm−2 and 6.6+22.5−2.7 ×1024 cm−2, and the
intrinsic 2–10 keV luminosities to be L2−10 = 3.9+2.2−1.7
×1043 erg s−1 and 2.0+3.3−1.0 ×1043 erg s−1 for UGC 2608
and NGC 5135, respectively. Thus, both objects are
firmly classified as CT AGNs.
The Eddington ratios of both targets are estimated
to be ∼0.1, by using the black hole masses (Dasyra
et al. 2011; Marinucci et al. 2012) and the intrinsic 2–
10 keV luminosities obtained from our careful analysis.
From the X-ray spectra, we determine the torus angular
widths of UGC 2608 and NGC 5135 to be σ < 20◦, and
the covering factors of material with NH > 10
22 cm−2
to be CT . 0.7. The covering factors and Eddington
ratios are consistent with the relation found for local
Swift/BAT AGNs by Ricci et al. (2017a), implying that
their tori are geometrically thin because of radiation
pressure of the AGN to dusty material.
Our results indicate that the CT AGNs in these “non-
merging” LIRGs are just a normal AGN population
with moderate Eddington ratios seen close to edge-
on through a large line-of-sight column density. By
contrast, AGNs in U/LIRGs of late-stage mergers are
deeply buried (Imanishi et al. 2006; Ishisaki et al. 2007;
Ricci et al. 2017b; Yamada et al. 2019) despite of their
large Eddington ratios (Teng et al. 2015; Oda et al. 2017;
Yamada et al. 2018). This suggests that AGNs in “non-
merging” LIRGs and those in “merging” ones are dis-
tinct populations.
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